Intra-excitonic relaxation dynamics in ZnO Appl. Phys. Lett. 99, 231910 (2011) Thermal diffusion of nitrogen into ZnO film deposited on InN/sapphire substrate by metal organic chemical vapor deposition J. Appl. Phys. 110, 113509 (2011) Manifestation of spin-spin interaction between oxygen vacancy and magnesium in ZnMgO nanorods by electron paramagnetic resonance studies Appl. Phys. Lett. 99, 194101 (2011) Selective pair luminescence in the 1.4-eV band of CdTe:In J. Appl. Phys. 110, 093103 (2011) Evidence of cation vacancy induced room temperature ferromagnetism in Li-N codoped ZnO thin films Appl. Phys. Lett. 99, 182503 (2011) Additional information on J. Appl. Phys. In this article we present size dependent spectroscopic observations of nanocolloids of ZnO. ZnO is reported to show two emission bands, an ultraviolet ͑UV͒ emission band and another in the green region. Apart from the known band gap 380 nm and impurity 530 nm emissions, we have found some peculiar features in the fluorescence spectra that are consistent with the nanoparticle size distribution. Results show that additional emissions at 420 and 490 nm are developed with particle size. The origin of the visible band emission is discussed. The mechanism of the luminescence suggests that UV luminescence of ZnO colloid is related to the transition from conduction band edge to valence band, and visible luminescence is caused by the transition from deep donor level to valence band due to oxygen vacancies and by the transition from conduction band to deep acceptor level due to impurities and defect states. A correlation analysis between the particle size and spectroscopic observations is also discussed.
I. INTRODUCTION
Semiconductor nanoparticles have been under continuous scientific interest because of their unique quantum nature, which changes the material solid-state properties. 1 ZnO is a wide and direct band gap ͑approximately 3.37 eV͒ II-VI semiconductor with many applications, such as a transparent conductive contact, thin-film gas sensor, varistor, solar cell, luminescent material, surface electroacoustic wave device, heterojunction laser diode, ultraviolet ͑UV͒ laser, and others. 2 Recently, the interest of the short wavelength display device is increasing. Although laser diode or light emitting diode using GaN was already reported, ZnO has several fundamental advantages over its chief competitor, GaN: ͑1͒ its free exciton is bound with 60 meV, much higher than that of GaN ͑21-25 meV͒; ͑2͒ it has a native substrate; ͑3͒ wet chemical processing is possible; and ͑4͒ it is more resistant to radiation damage. 3 Optical UV lasing, at both low and high temperatures, has already been demonstrated, although efficient electrical lasing must await the additional development of good p-type material. 4 The growth mechanisms and potential applications of these nanostructures have been reviewed by Wang. 5 The possibility of tailor making of bulk material properties by varying the size, structure, and composition of constituting nanoscale particles makes them candidates for various important applications in the field of material research. Optical methods give rich experimental information about an energetic structure of these finite-size solids. Understanding of size-dependent optical properties of semiconductor clusters has been achieved in a number of theoretical publications for a long time. 6 Development of methods of preparation and stabilization of monodispersed semiconductor nanoparticles in transparent colloids offer a good opportunity of experimental verification of theoretical predictions.
The ZnO bulk or nanoparticles have various luminescence transitions as different preparation techniques lead to varying structures and surface properties in ZnO. Generally, ZnO exhibits two kinds of emissions: one is at ultraviolet near band-edge emission at approximately 380 nm and the other a visible deep level emission with a peak in the range from 450 to 730 nm. 7 Out of the different reported emission peaks, the origin of the green emission is the most controversial.
Stoichiometric zinc oxide is an insulator that crystallizes with the wurtzite structure to form transparent needle-shaped crystals. The structure contains large voids which can easily accommodate interstitial atoms. Consequently, it is virtually impossible to prepare really pure crystals; also, when these crystals are heated, they tend to lose oxygen. 8 For these reasons, the ZnO shows n-type semiconducting properties with many defects, such as lack of oxygen and the excess of zinc. It is known that visible luminescence is mainly due to defects that are related to deep level emissions, such as Zn interstitials and oxygen vacancies. Vanheusden et al. 9 found that oxygen vacancies are responsible for the green luminescence in ZnO. Oxygen vacancies occur in three different charge states: the neutral oxygen vacancy ͑V O 0 ͒, the singly ionized oxygen vacancy ͑V O * ͒, and the doubly ionized oxygen vacancy ͑V O ** ͒ and only V O * can act as the so-called luminescent centers. 10 In this article we present size dependent fluorescence emission of colloidal solution of ZnO nanoparticles. ZnO solid has a band gap energy of 3.37 eV and therefore can be analyzed by spectroscopic methods in most of the solvents ͑like diethylene glycol, methanol, propan-2-ol, water͒ that are transparent in the whole UV-visible spectral regions. Systematic studies by different groups on nanocrystallites have indicated the presence of luminescence due to excitonic emissions as well as significant contribution from surface states on the lower energy side of the photoluminescence ͑PL͒ spectrum. 11 It has also been observed that there is difference in the spectra of ZnO of same size prepared by different methods. The effect of method of preparation and surface passivation itself is an indication that the green emission is due to surface states. 12 We have found some peculiarities of the fluorescence spectra that are consistent with the nanoparticle size distribution.
II. EXPERIMENT
Colloids of ZnO are synthesized by a modified polyol precipitation method. 13, 14 The monodisperse ZnO colloidal spheres are produced by a two-stage reaction process. The method of preparation involves the hydrolysis of zinc acetate dihydrate ͑ZnAc; Merck͒ in diethylene glycol medium ͑DEG; Merck͒. Among the different polyols, diethylene glycol ͑DEG͒ is chosen because it is reported to give powders with uniform shape and size distribution. The size of the particles and hence the stability of this colloidal suspension depend on the concentration of zinc acetate as well as on the rate of heating. The molar concentration of precursor solution is varied from 0.01 mM to 0.1 M and when a heating rate of 4°C / min is employed, ZnO is formed at a temperature of 120°C. The product from the primary reaction is placed in a centrifuge and the supernatant ͑DEG, dissolved reaction products, and unreacted ZnAc and water͒ is decanted off and saved. A secondary reaction is then performed to produce the monodisperse ZnO spheres. Prior to reaching the working temperature, typically at 115°C, some volume of the primary reaction supernatant is added to the solution. After reaching 120°C, it is stirred for 1 h to get a monodisperse stable colloid. The ZnO colloids are characterized by optical absorption measurements recorded using a spectrophotometer ͑JascoV-570 UV/VIS/IR͒. The cluster sizes are calculated from the absorption spectra using the analytical formula given by Viswanatha et al. 15 The structural properties of the sample are investigated by x-ray diffraction ͑XRD͒ with Ni-filtered Cu K␣ ͑1.5406 Å͒ source. The fluorescence emission from ZnO colloids is recorded using a Cary Eclipse fluorescence spectrophotometer ͑VARIAN͒. Figure 1 gives the room temperature absorption spectra of the ZnO colloids. The excitonic peak is found to be blueshifted with decrease in particle size ͑370-350 nm͒ with respect to that of bulk ZnO ͑395 nm͒ and this could be attributed to the confinement effects. 16 The pronounced dependence of the absorption band gap on the size of ZnO nanocrystals is used to determine the particle size. To get a precise measure of the shift, the first derivative curve of the absorption spectrum is taken and the point of inflection is taken as the absorption edge. From the shift of absorption edge, the size of the dots is calculated. 15 The direct band gap of ZnO colloids are estimated from the graph of h vs ͑␣h͒ 2 for the absorption coefficient ␣ that is related to the band gap E g as ͑␣h͒ 2 = k͑h − E g ͒, where h is the incident light energy and k is the constant. Extrapolation of the linear part until it intersects the h axis gives E g . The optical band gap ͑E g ͒ is found to be size dependent and there is an increase in the band gap of the semiconductor with a decrease in the particle size as shown in Fig. 2 . The total change in the band gap of the material is simultaneously contributed by shifts of the valence and the conduction band edges away from each other. In general, the shift of the top of the valence band ͑TVB͒ is not the same as that of the bottom of the conduction band ͑BCB͒. Moreover, there are recent studies, though few in number, 17 that report the individual shifts in TVB and BCB as a function of the size employing various forms of high-energy spectroscopies, such as the photoemission and the x-ray absorption spec- troscopies. Thus, it is desirable to compute these shifts of the individual band edges with the size of the nanocrystallite. The shifts of the band edges decrease smoothly to zero for large sized nanocrystals in every case and the shift in the BCB is generally much larger compared to the shift in the TVB for any given size of the nanocrystal. This indicates that the shifts in the total band gap as a function of the nanocrystal size are always dominated by the shifts of the conduction band edge in these systems. A larger shift for the BCB is indeed expected in view of the fact that the bandedge shifts are related inversely to the corresponding effective masses 6 and the effective mass of the electron is always much smaller than that of the hole in these II-VI semiconductors. From the band-edge shifts, the electronic structure as a function of the nanocrystallite size can be calculated for semiconductors. 18 The band gap is found to be in the range 3.5-4 eV for the range of particles from 4.5 to 18 nm in agreement with the reported value. 19 The powder extracted from the colloid of large particle size is characterized by x-ray diffraction. Typical XRD pattern of ZnO colloid is given in Fig. 3 . The diffraction pattern and interplane spacings can be well matched to the standard diffraction pattern of wurtzite ZnO, demonstrating the formation of wurtzite ZnO nanocrystals. 20 The particle diameter d is calculated using the Debye-Scherer formula d = 0.89 / ͑␤ cos ͒ where is the x-ray wavelength ͑1.5406 Å͒, is the Bragg diifraction angle, and ␤ is the peak width at half maximum. 21 The XRD peak at 36°in Fig.  3 gives the ZnO particle diameter of 18 nm and matches well with the size calculated from absorption spectrum. Figure 4 shows the excitation spectrum for an emission peak of 390 nm and peaks at 255 and 325 nm. As ZnO has a broadband absorption, excitation spectrum is very significant in finding the excitation wavelengths at which it has maximum emission. The fluorescence spectra of nano-ZnO colloids of different particle size for an excitation wavelength of 255 nm are shown in Fig. 5 . Results show that additional emissions at 420 and 490 nm are developed with increase in particle size along with the known band gap 380 nm and impurity 530 nm emissions. Figure 6 shows the fluorescence spectrum of the powder extracted from ZnO colloid of 18 nm at an excitation wavelength of 255 nm. It exhibits all the characteristic emission peaks of the colloid. It confirms the fact that the emission peaks are of pure ZnO and there are no solvent effects.
III. RESULTS AND DISCUSSIONS
The UV emission band is assigned to a direct band gap transition. Like the absorption spectrum, this UV band undergoes a redshift with particle size. Such size dependent optical properties of semiconductor particle suspensions in the quantum regime are well known and similar observations have previously been made for several quantum particle systems. 6 For the intrinsic luminescence of ZnO nanoparticles, it is generally known that the formation of nanoparticles causes a redshift in the PL spectra due to quantum size effect. 22 An analytical approximation for the lowest eigenvalue ͑i.e., the first excited electronic state͒ is described as follows: 
where E g is the band gap, 3.377 eV, for bulk ZnO, 22 R is the radius of the ZnO nanaoparticles, h is Planck's constant, m e = 0.24m 0 is the electron effective masses, m h = 0.45m 0 is the hole effective masses, and is the dielectric constant of ZnO with an accepted value of 3.7. Results show that the fluorescence emission peak shifts from 360 to 370 nm as the particle size increases from 4.5 to 6 nm as is evident from the previous equation. The emission around 360 nm ͑3.4 eV͒ shown in Fig. 5 is consistent with band gap of the ZnO nanoparticles. A redshift of UV emission is observed with the increase in the particle size which accords quantum size effects.
With the increase in the particle size, the energy of UV luminescence is shifted from 3.5 eV ͑350 nm͒ to 3 eV ͑390 nm͒. The shift of band gap energy is related to the structural property. Therefore, the energy of UV emission known as near band-edge emission is decreased from 3.5 to 3 eV. The band gap is found to be in the range 3.5-4 eV for the range of particles from 4.5 to 18 nm as shown in Fig. 2 . The optical band gap is shifted from 3.5 to 4 eV for different particle size and the shift is consistent with the result of PL in the range of UV. The UV emission is shifted from 3.5 to 3 eV by the shift of optical band gap from 4 to 3.5 eV and it clearly indicates that the origin of UV emission is the near band-edge emission.
Mean cluster size could be principally derived from the absorption onset measurements and the enlargement effects are expected to be predominant when the particle size is less than about 6 nm as shown in Fig. 7͑a͒ where the band enlargement is plotted as a function of the average particle size. 
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UV emission with particle size closely follows the redshift in the band edge, indicating that the two are related. This allows us to reconstruct the size distribution curves in the fluorescence spectrum.
In contrast to the UV spectra, visible fluorescence spectra of ZnO particles are sensitive to the preparation procedure ͑and, therefore, to environmental conditions͒. The wellknown green fluorescence at 510± 50 nm appeared in colloids with larger particle size. An additional blue band having peaks at 420 and 490 nm has been observed and in its presence both the UV and 530 nm band is strongly suppressed.
In ZnO, oxygen has tightly bound 2p electrons and Zn tightly bound 3d electrons, which sense the nuclear attraction efficiently. The first principal calculation found that the Zn 3d electrons strongly interact with the O 2p electron in ZnO. 23 As the center energy of the green peak is smaller than the band gap energy of ZnO ͑3.36 eV͒, the visible emission cannot be ascribed to the direct recombination of a conduction electron in the Zn 3d band and a hole in the O 2p valence band. The green emission must be related to the local level in band gap. The PL of ZnO has been extensively investigated, and there is no consensus in the literature on the positions of the peaks in PL spectrum of ZnO nanostructures and thin films or their origin.
In nanocolloids of ZnO with large particle size, the surface states are responsible for the green fluorescence. As the particle size increases, the volume fraction of nanoparticles increases due to the specialty of the synthesis route and leads to the dominant role of surface state effects at larger particle size. The polyol synthesis enables one to prepare colloids of different sizes without any surface passivation. Hence, the role of surface states cannot be neglected. Brunauer Emmett and Teller method ͑BET͒ surface area measurements are taken using Nova 1200, Quantachrome Instruments and is 30 m 2 / g for the powder extracted from colloids of 18 nm. Therefore, the concept of surface fluorescence centers seems to be more realistic for nanoparticles. Researches indicate that the surface passivation via surfactant and polymer capping is an effective method to enhance the UV emission and quench the defect-related visible PL from nanosized ZnO. 21, 24 The effect of method of preparation and surface passivation itself is an indication that the green emission is due to surface states. 12 For the uncapped ZnO nanoparticles, there exist abundant surface defects, the valence band hole can be trapped by the surface defects and then tunnels back into oxygen vacancies containing one electron to form V O ** recombination center. The recombination of a shallowly trapped electron with a deeply trapped hole in a V O ** center causes visible emission. 25 The green emission is commonly referred to a deep-level or a trap-state emission attributed to the singly ionized oxygen vacancy and the emission results from the radiative recombination of photogenerated hole with an electron occupying the oxygen vacancy and Vanheusden et al. 9 observed a correlation between the intensities of g ϳ 1.96 electron paramagnetic resonance ͑EPR͒ peak and green PL. However, the assignment of g ϳ 1.96 signal to singly ionized oxygen vacancy is controversial. This signal was also assigned to shallow donors and its position appears to be independent on the shallow donor intensity. 26 Recently, Djurisic et al. 12, 27 found that there is no simple relationship between the intensity of g ϳ 1.96 EPR signal and the visible PL; the green PL is observed for the samples which do not show EPR line at g ϳ 1.96, and they conclude that the most likely explanation for the green luminescence involves multiple defects and/or defect complexes and the major part of the visible emission originates from the centers at the nanostructures surface. Xu et al. 28 calculated the levels of various defects including complex defects V O :Zn i and V Zn :Zn i . They found no states within the gap from V Zn :Zn i , whereas for V O :Zn i two levels 1.2 and 2.4 eV above the valence band were found, so this type of defect represents a possible candidate for green emission in ZnO.
ZnO is an n-type semiconductor and it means that most defects are Zn interstitials and oxygen vacancies. The crystal structure of ZnO contains large voids which can easily accommodate interstitial atoms 8 and the appearance of blue emission at about 420 nm is ascribed to the formation of Zn interstial defects. ZnO nanopowders and thin films also show green luminescence after they were annealed in oxygen, nitrogen or air. 29 The appearance of a strong green emission is ascribed to the formation of oxygen vacancy defects or antisite defects ͑O Zn ͒. There exist many oxygen vacancies on the surface of the ZnO annealed in Ar at 900°C and shows emission peak at 490 nm while the ZnO annealed in O 2 at 900°C exhibits emission peak at 530 nm. So the appearance of blue emission at about 490 nm is ascribed to the formation of oxygen vacancy defects, and the emission at 530 nm may have originated the antisite defects ͑O Zn ͒. 29 Thus in our present studies, the appearance of blue emission at about 420 nm is assigned to the Zn interstial defects, the emission at 490 nm is ascribed to the formation of oxygen vacancy defects and the emission at 530 nm may have originated from the antisite defects ͑O Zn ͒. Figure 8 shows the fluorescence spectra of nano-ZnO colloids of different particle size for an excitation wavelength of 325 nm. With the decrease of excitation energy, the blue band peaks get suppressed and UV and green fluorescence peak becomes dominant at larger particle size. Figure 9 shows the emission mechanism of UV and visible luminescence of ZnO colloids. UV luminescence at 3.5 eV is caused by the transition from near conduction band edge to valence band. As particle size increases, the shift of UV luminescence was observed from 3.5 to 3 eV because the optical energy gap decreases from 4 to 3.5 eV. The visible luminescence in the range of 420-530 nm ͑2.9-2.4 eV͒ is mainly due to surface state effects. The UV luminescence center is not related to visible luminescence center. Based on these results, the green luminescence of ZnO colloid is not due to the transition from near band edge to deep acceptor level in ZnO but mainly due to the transition from deep donor level by oxygen vacancies in ZnO to valence band. If green luminescence is related to the deep acceptor level, UV luminescence should be decreased as green luminescence increased. As the UV luminescence gets suppressed in the presence of blue band, the blue luminescence is related to the deep acceptor level. These results reveal that the mechanism of blue luminescence in ZnO is by the mechanism which is the transition ͑1͒ from near conduction band edge to deep acceptor level and the mechanism of green luminescence is by the mechanism and ͑2͒ from deep donor level attributed to the oxygen vacancies to valence band.
IV. CONCLUSIONS
In the present work we have performed a size dependent spectroscopic study of the colloidal ZnO particles. In the fluorescence spectra we have observed two principal bands: ͑1͒ UV and ͑2͒ visible. The UV band has been assigned to the band gap fluorescence of clusters of different sizes. This allows us to reconstruct the size distribution curves from fluorescence spectroscopy. The blue luminescence in ZnO is by the mechanism of the transition from near band edge to deep acceptor level and the green luminescence is by the mechanism of the transition from deep donor level to valence band. The luminescence mechanism can be used to control the optical properties of ZnO for optical device applications.
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